Introduction resolve DNA interlocking, has been clearly demonstrated during mitosis in yeast and in Xenopus extracts The regulation of sister cohesion is of crucial importance (Uemura et al., 1987; Holm et al., 1989 ; Shamu and Murfor faithful chromosome distribution in mitosis (for reray, 1992). However, experiments in yeast have also views see Miyazaki and Orr-Weaver, 1994; Holm, 1994;  revealed interlocking-independent cohesion between Holloway, 1995) . During prometaphase, sister chromasister chromatids (Koshland and Hartwell, 1987 ; Guacci tids have to establish connections to opposite spindle et al., 1993, 1994) . poles. Cohesion keeps the sister chromatids together
In addition to DNA topoisomerase II, the ubiquitinand thereby facilitates the correct bipolar orientation dependent protein degradation system has been impliof sister kinetochores, a two-step process progressing cated in the release of sister chromatid cohesion at the from monopolar to bipolar attachment. In addition to metaphase/anaphase transition. Inhibitors of ubiquitinasimplifying the task of orienting sister chromatids, cohetion prevent anaphase in Xenopus extracts (Holloway sion also allows the monitoring of this process. Chromoet al., 1993) . Moreover, the recently identified anaphasesomes with the correct bipolar orientation are brought promoting complex, containing CDC16, CDC23, and under tension by mechanical forces (Nicklas, 1988; Mc- CDC27 in yeast and homologous proteins in other euIntosh, 1991) and onto the metaphase plate. Chromokaryotes, is not only required for ubiquitin-dependent somes that are not attached to both poles are not under degradation of B-type cyclins but also for progression tension, and this absence of tension delays the onset beyond metaphase  Irniger et of anaphase, as elegantly shown in mantid spermatoal., 1995; King et al., 1995) . While the degradation of cytes (Li and Nicklas, 1995) .
B-type cyclins (the regulatory subunits of the mitosisWhile cohesion is essential for the orderly formation promoting cdc2 kinase) is clearly required for exit from of the metaphase plate, it must be released to allow the mitosis, sister chromatid separation can still proceed in segregation of sister chromatids during anaphase. The the presence of mutant B-type cyclins that cannot be final, irreversible release of sister chromatid cohesion degraded in mitosis (Holloway et al., 1993 ; Surana et occurs rapidly at the metaphase/anaphase transition al., 1993). It appears, therefore, that the ubiquitin-depenand simultaneously in all chromosomes. At least in meiodent protein degradation system must degrade proteins sis, the release of cohesion is also controlled differenother than B-type cyclins for progression beyond metatially in different regions of the chromosome. Cohesion phase. The attractive idea that these unidentified tarbetween chromosome arms is lost already at the metagets, whose degradation is required for progression into phase/anaphase transition of meiosis I, while cohesion anaphase, physically promote the cohesion between in the centromeric region is lost only at the metaphase/ sister chromatids remains to be proven. anaphase transition of meiosis II. This sequential loss of cohesion, first from chromosome arms and second
Here, we describe phenotypic characterizations of the Embryos from heterozygous parents (pim 1 / CyO, P[w ϩ , ftz-lacZ]) were aged to the developmental stage during which cells in the ventral epidermis (ve) progress through mitosis 14 and cells in the dorsal epidermis (de) through mitosis 15. Embryos were fixed and labeled with antibodies against ␤-galactosidase (A and B), allowing the identification of either homozygous pim 1 /pim 1 embryos (B, D, and K-P) or sibling embryos (A, C, and E-J) used as internal controls. Mitotic divisions were visualized by double-labeling with anticyclin A antibodies (C and D) or with antitubulin antibodies (E, G, I, K, M, and O) and a DNA stain (F, H, J, L, N, and P). The high magnification views show cells at metaphase (E, F, K, and L), anaphase (G, H, M, and N) , and telophase (I, J, O, and P). Although cytokinesis is attempted in pim 1 /pim 1 cells, it is abortive and does only very rarely proceed to the extent shown in (O) and (P). Scale bars in (A) and (E) correspond to 50 and 2.5 m, respectively.
Drosophila pimples (pim) and three rows (thr) genes.
late during interphase and are rapidly degraded during mitosis. Cells before metaphase, therefore, are intenThese genes are specifically required in mitosis for sister chromatid separation in the centromeric region, and insively labeled with anti-cyclin antibodies; cells after metaphase are no longer labeled. The embryos shown terestingly, the pimples product, a novel protein, is degraded after the metaphase/anaphase transition conin Figure 1 were fixed and labeled at a stage when some cells in the ventral epidermis are in the process of going comitant with cyclin B.
through mitosis 14 (see ve in Figures 1C and 1D ). At the same stage, cells in the dorsal epidermis are already in Results the process of going through mitosis 15 (see de in Figures 1C and 1D) . DNA double labeling in regions lacking Chromosome Distribution in Mitosis Is anti-cyclin labeling revealed many late mitotic figures Defective in pimples Mutants (anaphase, telophase) in wild-type embryos as exThe three rows (thr) and pimples (pim) genes were inipected. However, in pim mutant embryos, we observed tially identified in a screen for recessive lethal mutations late mitotic figures only in regions progressing through that result in a cuticular pattern defect in Drosophila mitosis 14. In regions where cells should have proembryos (Nü sslein-Volhard et al., 1984) . Phenotypic and gressed beyond metaphase 15 according to the lack of molecular characterizations revealed a primary defect anti-cyclin labeling, we did not observe normal ana-or in chromosome distribution during mitosis in thr mutants telophase figures (data not shown, but see below). (D'Andrea et al., 1993; Philp et al., 1993) . By comparing By DNA and anti-tubulin labeling, we analyzed the the thr and pim mutants, we noted extensive similarities. mitotic defects in pim mutants during mitosis 15 in furIn both mutants, abnormalities were first seen during ther detail. Metaphase spindles and plates in pim muthe fifteenth round of embryonic mitoses. Progression tants were found to be indistinguishable from wild-type through the first synchronous, syncytial mitoses (mitosis controls as well as through the first asynchronous mitosis and 1L). In contrast, cells with microtubule organization (mitosis 14), which occurs after cellularization in a comtypical of anaphase and telophase ( Figures 1G-1J ) were plex but reproducible temporal and spatial pattern (Foe, not observed in pim mutants. However, cells with abnor-1989), was not affected. These embryonic division patmal microtubule organization reminiscent of anaphase terns can be visualized by whole-mount labeling of emand telophase were readily detected, but no chromobryos with antibodies against either cyclin A or B O'Farrell, 1989, 1990 Figure 2A ). Conversely, if pim were defective in chromosome separation (and consequently also in segregation), cells would be expected to have the normal number of chromosomes at the stage of mitosis 16; however, these chromosomes would be expected to be twice the normal size in pim hybridizing to a heterochromatin region very close to the centromere (B) If sister chromatids were not separated in mitosis 15 in pim on the right arm of chromosome 3 (Carmena et al., 1993) indicates mutants, cells are expected to have the normal number of chromothat centromere proximal regions are replicated in S phase 15 and somes in mitosis 16. However, these chromosomes should have separated in mitosis 15 in pim mutants. Two pairs of closely spaced twice the normal size because of the rereplication during S phase 16. dots were detected not only in fzy mutants (H), in which cells are (C-G) Cytological analyses demonstrate that sister chromatid sepaknown to arrest permanently in metaphase before the final separaration is defective in pim and thr mutants. Chromosomes present tion of sister chromatids (Sigrist et al., 1995) mutants because of their rereplication during S phase 16 ( Figure 2B ). Analyses of mitotic chromosomes at the stage of mitosis 16 revealed the normal number of chromosomes in pim mutants ( Figures 2D and 2E ). However, compared with wild-type chromosomes ( Figure 2C ), these chromosomes had twice the normal number of chromosome arms. These arms appeared still connected in the centromeric region. Such "diplochromosomes" were also observed in thr mutants ( Figure 2F ). At later stages, we observed "quadruplechromosomes" in pim and thr mutants. These chromosomes had four times the normal number of arms connected in the centromeric region ( Figure 2G ). The abnormal chromosomes were observed with or without preceding colcemid treatment.
To confirm the defect in sister chromatid separation, we performed whole-mount fluorescence in situ hybridization (FISH) with a probe against the dodeca satellite repeat, which is highly enriched in the heterochromatin close to the centromere of the right arm on chromosome III (Carmena et al., 1993) . In wild-type mitosis, this probe generates two dots (the maternal and the paternal chromosome III) before sister chromatid separation and four dots after sister chromatid separation (Sigrist et al., 1995) . The probe revealed four dots in metaphase plates during mitosis 15 in pim ( Figure 2I ) and thr mutants (data not shown). The same characteristic distribution of FISH signals was also observed in the metaphase plates that accumulate in fizzy (fzy) mutant embryos ( Figure 2H ). Mutations in fzy result in a mitotic metaphase arrest before sister chromatid separation and before cyclin A and B degradation (Dawson et al., 1993 (Dawson et al., , 1995 Sigrist et al., 1995) . These FISH experiments indicate that heterochromatic sequences in close proximity of the centromere are replicated and separated in pim and thr mutants during mitosis 15. Nevertheless, separation of sister chromatids in the centromeric region is not successful during mitosis 15 (and subsequent mitoses) in these mutants. Our cytological analyses demonstrate therefore that pim and thr are specifically required for the separation of sister chromatids in the centromeric region.
PIM Is a Novel Protein Expressed in Mitotically Proliferating Cells
For a molecular characterization, we mapped pim by complementation and meiotic recombination to the region between Dmcdc2 and the proximal breakpoint of deficiency Df(2L)J106 ( Figure 3A ). The corresponding region was cloned by chromosomal walking ( Figure 3A ). characterized, independent cDNAs is indicated above the sequence defined by RFLP analysis of meiotic recombination events (which (cDNA1 and cDNA2). 5Ј and 3Ј untranslated regions as well as the is represented enlarged) was found to contain the pim gene and two introns are represented in italics. The poly(A) addition signal is parts of a distal and a proximal transcription unit (hatched lines).
underlined. BamHI sites are indicated in the upper thick line and EcoRI sites in (C) Molecular characterization of pim alleles. The different pim althe lower thick line. Additional unmapped sites are indicated in leles were cloned and sequenced as described in the Experimental brackets.
Procedures.
Restriction fragment length polymorphism (RFLP) analysis of meiotic recombination events localized the pim gene to a fragment containing a single intact transcription unit as indicated by cDNA screening and Northern blotting experiments (data not shown). Transgenes with either a cDNA corresponding to this single intact transcription unit under the control of a heat shock promoter or with a genomic fragment (including 2.3 kb of upstream and 1.3 kb of downstream sequences) rescued the mitotic defect or the lethality, respectively, of pim mutants (see below). We conclude therefore that this transcription unit corresponds to the pim gene. Sequencing of genomic and cDNA clones revealed the structure of the transcription unit ( Figure 3B ). The putative transcriptional start site was determined by 5Ј-RACE-PCR (Frohman et al., 1988) . The conceptual translation of the putative coding sequence results in a sequence that is not related to previously described proteins.
We sequenced the coding region of the original pim allele and of three newly isolated alleles. Mutations were found within the pim transcription unit in all cases as summarized in Figure 3C .
The expression of pim during Drosophila development was analyzed by Northern blotting ( Figure 4A ) and by in situ hybridization ( Figure 4B ). These experiments revealed the presence of maternal pim transcripts during the early rapid and syncytial cycles 1-13. After cellularization, during the patterned cell division cycles 14-16, pim transcripts remained distributed throughout the embryo, but at later embryonic stages, they became restricted to the developing nervous system where mitotic cell proliferation is known to occur. In quiescent or endoreduplicating tissues, we were unable to detect signals above background. pim expression therefore appears to be correlated with mitotic proliferation.
The Failure of Chromosome Separation in pim Mutants Is Rescued by pim Expression Immediately before Mitosis
While our BrdU labeling and FISH experiments argued against an involvement in DNA replication, it remained a possibility that pim function is required during S phase, not for DNA replication, but for the assembly of the correct chromatin structure in the centromeric region. longer sufficient for mitosis 15. Embryos homozygous for mutations in CycA, CycB, and pim, therefore, arrest in the G2 phase before the onset of the mitotic defect caused by the lack of zygotic pim expression. With the help of the heat-inducible Hs-cycA and Hs-pim transgenes, we expressed CycA and pim in this G2 arrest and analyzed whether expression at this cell cycle stage allows a mitosis including the normal separation of sister chromatids. As illustrated in Figure 5 , we found that the heat-induced expression of CycA and pim allowed progression through an apparently normal division. Completion of a successful mitosis was reflected by epidermal cell densities. At stage 13, when cell proliferation in the epidermis is completed, the cell density as visualized by anti-tubulin labeling is about 4-fold higher in the wild-type epidermis compared with CycA, CycB, pim triple mutants (compare Figures 5A and 5C ), because the great majority of wild-type epidermal cells progress through mitosis 15 and 16 instead of arresting before mitosis 15. After heat-induced expression of CycA and pim in CycA, CycB, pim triple mutants, cell density was roughly doubled ( Figure 5B ), demonstrating that the expression of CycA and pim allows one successful cell division. Moreover, when these mutants were analyzed at an earlier stage, soon after the end of the heat treatment, we observed normal anaphase and telophase figures (inset in Figure 5B ; data not shown). These observations demonstrate that pim function provided late in the G2 phase immediately before mitosis is sufficient for normal sister chromatid separation in mitosis. were unable to detect a PIM protein tagged with a single (Knoblich and Lehner, 1993) . After incubation at 37ЊC to express MYC epitope at the C-terminus and expressed under Figure 6C ). In anaphase (see a1 and a2 in Figure 6C ), in triple mutant embryos with both transgenes when fixed after a shorter recovery period (60 min at 25ЊC). Scale bar in (A) corresponds signals were found to decrease, and in telophase, we to 50 m.
were unable to detect signals above background (see t in Figure 6C ). Gradual accumulation during interphase followed by rapid degradation during mitosis was also observed during the cell cycles of subsequent emunable to express cyclins A and B zygotically were previously shown to arrest in the G2 phase before mitosis bryogenesis (data not shown). Although the MYCtagged PIM protein is degraded in mitosis like cyclins 15 (Knoblich and Lehner, 1993) . All preceding mitoses (1-14) occur normally in these double mutants because A and B, there is no sequence motif in the putative PIM sequence that fits to the destruction box consensus of maternally contributed stores of the synergistically acting cyclins A and B. However, these stores are no (RXXLG) that mediates the ubiquitin-dependent mitotic
Discussion
The separation of sister chromatids during mitosis must be carefully regulated. While sister chromatid cohesion is required for the bipolar attachment of chromosomes to the mitotic spindle and for chromosome congression into the metaphase plate, the release of cohesion is required for the segregation of sister chromatids to the spindle poles during anaphase. The molecular basis of this regulation is poorly understood, since assays allowing a biochemical analysis have been developed only recently (Shamu and Murray, 1992) and since the powerful genetic analyses in yeast are hampered by the difficulties of cytological analyses. The combination of cytology and genetics in Drosophila has allowed us to identify two genes, pim and thr, which are specifically required for the release of sister chromatid cohesion during mitosis.
In the absence of pim or thr function, sister chromatids can no longer be separated in mitosis. The resulting mass of unseparated chromosomes in the equatorial plane of the spindle interferes with a successful cytokinesis that is still attempted in pim and thr mutants. Except for chromosome distribution and cytokinesis, all other cell cycle steps continue in pim and thr mutants. The cells reenter interphase and progress through S phase and into the next mitosis despite the previous mitotic defects. Eventually cell cycle progression is stopped by the normal developmental signals in pim and thr mutant embryos, and the epidermal cells secrete a cuticle, demonstrating that pim and thr are not required for cell viability. The notion that pim and thr are only required for mitosis is confirmed by the fact that expression was exclusively detected in mitotically proliferating cells.
Chromosome congression into the metaphase plate is not affected in pim and thr mutants. Recent experi- (Evan et al., 1985) were fixed at the stage of mitosis Salmon, 1994; Skibbens et al., 1995) . Whether these at kinetochores Li and Nicklas, 1995) . observed in early (a1) and late anaphase (a2). In telophase (t), signals
The signals generated in response to spindle or kinetowere no longer above the background levels observed in control chore defects result in a delay in metaphase. For examembryos that did not express the MYC-tagged PIM protein (data not shown). Scale bars in (A) and (C) corresponds to 50 and 4 m, ple, colcemid treatment, which interferes with mitotic respectively. spindle formation, results in a pronounced metaphase delay in most cell types, and neither sister chromatid separation nor cyclin B degradation occur at the normal degradation of these cyclins (Glotzer et al., 1991) . The time. However, during the first defective mitosis in pim functional significance of a motif in PIM (KKPLGNLDNV, and thr mutants (mitosis 15), cyclin B appears to be amino acids 30-39) with considerable similarity to the degraded at the normal time, indicating that no spindle destruction box region in cyclins A and B remains to be tested.
or kinetochore defect is recognized in the mutants. This observation does not necessarily exclude the presence tight coupling of phenotypic onset to cell cycle number rather than to age. The same discrete onset of phenoof spindle or kinetochore defects in pim and thr mutants, typic defects during mitosis 15 is also observed in thr because, in principle, these mutants might be defective mutants, and preliminary immunfluorescence experiin the corresponding checkpoint. However, the cells in ments indicate that the wild-type THR protein is also pim and thr mutants still arrest in mitosis after colcemid degraded during mitosis (C. Weise and C. F. L, unpubtreatment (R. S. and C. F. L., unpublished data), indicatlished data). ing that they are not defective in mitotic checkpoint
The absence of PIM protein early in the cell cycle controls.
indicates that pim function is required late in the cell The very pronounced metaphase delay that is obcycle. In fact, expressing pim immediately before mitoserved in pim and thr mutants during mitosis 16 (but sis is sufficient for rescuing the mitotic defects in pim not yet during the first defective division, mitosis 15; mutants. We propose, therefore, that PIM functions at R. S. and C. F. L., unpublished data) might also result the metaphase/anaphase transition to release the cohefrom the presence of a functional checkpoint. During sion in the centromeric region. The mitotic degradation mitosis 16, diplochromosomes resulting from the defect might provide one of several levels of regulation prein mitosis 15 are present in the mutants. These diploventing a premature separation of sister chromatids durchromosomes might have four functional sister kinetoing interphase. In the context of the present models for chores. A bipolar spindle attachment of two of these sister chromatid separation (see Introduction), we can kinetochores is likely to be sufficient for congression speculate that PIM protein might be involved in targeting into the metaphase plate. Additional kinetochores that the anaphase-promoting complex to the centromeric are not engaged in a bipolar attachment might not experegion. The idea that PIM protein is involved in promotrience tension resulting in a delay in triggering the metaing access of DNA topoisomerase II to resolve a final phase/anaphase transition.
intertwining of sister chromatids at the metaphase/anaThe diplo-and quadruplechromosomes revealed by phase transition appears unlikely, because centromere our cytological analysis indicate that pim and thr are separation is still observed in fission yeast DNA topospecifically required for the separation of sister chromaisomerase II mutants (Funabiki et al., 1993) . We note that tids in the centromeric region. Separation of the chromodiplochromosomes were also observed after treating some arms apparently still occurred in the mutants. In vertebrate cells with various inhibitors like rotenone and the case of the Y chromosome, however, no separation okadaic acid (Ghosh and Paweletz, 1992; Matsumoto of chromosome arms was apparent. This special behavand Ohta, 1994) . A biochemical analysis of PIM and ior of the Y chromosome arms is also observed in normal THR function will hopefully clarify the molecular basis wild-type mitosis (Gatti and Baker, 1989 set of the PIM phenotype in mitosis 15 strongly argues
The thr alleles were isolated by Nü sslein-Volhard et al. (1984) , and phenotypic characterizations have been described previously that the normal nontagged PIM protein is also degraded (D'Andrea et al., 1993; Philp et al., 1993) . For the cytological analyses during mitosis. No phenotype is observed during the described here, we used the apparently amorphic allele thr IB . fzy early syncytial cycles while maternally derived PIM proalleles and mutant phenotype have also been described previously tein is present. The maternal pim transcript is rapidly (Dawson et al., 1993 (Dawson et al., , 1995 Sigrist et al., 1995 pim mRNA before its complete disappearance appears described by Knoblich and Lehner (1993) . The construction of lines to be sufficient for a normal mitosis 14 in pim mutants.
with the heat-inducible Hs-cycA transgene has also been described After a degradation of this protein in mitosis 14, however, previously (Lehner et al., 1991) . Lines carrying a Hs-pim transgene all maternally derived pim products (mRNA and protein)
allowing the heat-inducible expression of pim were constructed analogously by inserting a pim cDNA into the vector CaSpeR-hs appear to be exhausted before mitosis 15 resulting in the (Pirrotta, 1988) followed by P element-mediated germline transforregion). These fragments were sequenced after cloning into Bluescript KS(ϩ) using the BamHI sites introduced by the primers. To mation. Several independent lines with insertions on different chromosomes were established. Lines carrying transgenes allowing the exclude PCR artifacts, we confirmed the putative mutant sequences in a second clone obtained after an independent PCR reaction. expression of PIM protein carrying MYC epitope tags (Evan et al., 1985) at the C-terminus were established using constructs in the Sequencing revealed the presence of a number of polymorphisms in the pim genes in the different genetic backgrounds. Some of these vector CasPeR-4 (Pirrotta, 1988) .
For the experiment described in Figure 5 , we constructed the polymorphisms result in amino acid exchanges in the predicted PIM protein (data not shown, available on request 216A Tft, we mapped the pim locus 0.03 cM distal embryos was done as described by Knoblich et al. (1994) . from Dmcdc2. By screening a cosmid library (NotBamNot-CoSpeR library made by J. W. Tamkun and provided by E. Knust, University
Immunolabeling, FISH, and Cytological Analysis of of Cologne) with a genomic fragment from the Dmcdc2 region (Stern Mitotic Chromosomes et al., 1993) , we initiated a chromosomal walk that was terminated Embryos were collected, aged, and fixed according to standard after the isolation of a cosmid spanning the distal breakpoint of procedures. Pulse-labeling with BrdU and immunofluorescent labelDf(2L)J106 that does not complement pim 1 . The distal breakpoint ing with a monoclonal antibody against BrdU (Becton-Dickinson), of this deficiency was localized by Southern blotting and in situ ␤-tubulin (Amersham), cyclin B (Knoblich and Lehner, 1993) , or rabbit hybridization on polytene chromosomes (data not shown).
antibodies against ␤-galactosidase (Promega), cyclin A (Lehner and After our X-ray mutagenesis had failed to generate breakpoints O'Farrell, 1989) have been described previously (Lehner et al., 1991 ; allowing the identification of the pim gene in the 70 kb DNA of the Knoblich and Lehner, 1993) . chromosomal walk, we carried out an RFLP analysis of meiotic For immunolabeling the MYC-tagged PIM protein, we fixed dechorecombination events to narrow down the location of the pim gene. rionated embryos in 4% formaldehyde in PBS for 20 min. After For the isolation of meiotic recombination events, we used J and devitellinization, we incubated the embryos for 30 min in 10% normal Dmcdc2 as genetic markers. While Dmcdc2 is proximal to pim, J goat serum to block nonspecific binding. Incubation with hybridoma was mapped distal to pim. RFLP mapping of various independent supernatant (diluted 1:1 in PBS containing 5% normal goat serum recombination events using standard Southern blotting experiments and 0.1% Triton X-100) containing the mouse monoclonal antibody placed the pim locus within an 8 kb BamH1 fragment ( Figure 3A) 9E-10 recognizing the MYC epitope (Evan et al., 1985) was done (details are provided on request). overnight at 4ЊC. After washing, we incubated the embryos with a Using genomic DNA encompassing the putative pim region, we rabbit anti-mouse antibody (2.5 g/ml; Jackson Immunochemicals) screened a ZAP and a plasmid cDNA library made from ovarian for 2 hr at room temperature. After further washing, we incubated and 0-4 hr RNA, respectively (Hay et al., 1988; Brown and Kafatos, the embryos with Cy3-conjugated goat anti-rabbit antibodies (1.4 1988). Two pim cDNAs, one isolated from the plasmid library g/ml; Jackson Immunochemicals). Secondary and tertiary antibod-(cDNA1) and one isolated from the ZAP library (cDNA2), were comies were preabsorbed with fixed embryos before incubation. After pletely sequenced using a Sequenase kit (United States Biochemithe final washing, we labeled the embryos with Hoechst 33258 cal). Except for some polymorphisms, both sequences were colinear
(1 g/ml) and mounted them in 70% glycerol, 0.5ϫ PBS, O.05 M and contained a single long open reading frame. No stop codon Tris-HCl [pH 9.5], 0.5 mg/ml phenylene diamine, 10 mg/ml propyl was found in the same frame preceding the putative initiation codon gallate. Alternatively, the anti-MYC antibodies were visualized imof the pim coding sequence in either cDNA2 or cDNA1 that extended munocytochemically with the help of a Vectastain kit. Images were for an additional 63 bp in the 5Ј region. However, a stop codon photographed with a Zeiss Axiophot using Technical Pan film (Kowas found in the additional 5Ј sequence obtained from a fragment dak) or acquired with a cooled CCD camera (Photometrics) and isolated by 5Ј-RACE (Frohman et al., 1988 ) with a pim-specific primer merged using Adobe Photoshop software. (5Ј-GGC AGG TCA GTA AAA TCT AGG GGC G-3Ј) using RNA from
For FISH experiments, we used a dodeca satellite repeat fragment embryos and a 5Ј-RACE kit (GIBCO). Sequence similarities were (Abad et al., 1992) following the protocol described by Sigrist et al. searched in the EMBL database using FASTA.
(1995). The protocol used for the cytological analyses of mitotic The genomic sequence was determined after subcloning cosmid chromosomes in embryos is also described by Sigrist et al. (1995) . fragments into Bluescript KS(ϩ). For the sequence analysis of the mutant pim alleles, we identified homozygous mutant progeny from stocks carrying a pim allele over CyO, P[w ϩ , ftz-lacZ] with a PCR Acknowledgments method (Knoblich et al., 1994) . After identification, we isolated the genomic DNA from homozygous mutant embryos and amplified the We thank Gary Karpen for communicating results prior to publicapim gene enzymatically using the primers 5-AT GGATCC TCA TTA tion, Carola Weise for help in constructing various transgenic strains, CCA TCG TTT CAG ATG AAC G-3Ј (hybridizing just upstream of the Henning Jacobs for help in some of the genetic screens, Eva Maria putative transcriptional start) and 5Ј-TA GGATCC GCC TGT TGG Illgen for technical help, Martin Hü lskamp, and the members of the laboratory for comments on the manuscript. AGG CGG AAT GTC GGT TC-3Ј (hybridizing in the 3Ј untranslated
